The results of comparative studies on the life history characteristics of selected members of bulbous monocots in Japan are reported along with molecular systematic analyses using two chloroplast genes, rbcL and matK. In analyzing the inter-and infra-generic relationships in Lilium and allied taxa, the matK gene was sequenced for 35 Lilium, two Nomocharis, one Cardiocrinum, one Notholirion, and two 
INTRODUCTION
In the Japanese Islands and adjacent regions, there occur a good number of indigenous bulbous monocots that belong to Liliaceae, Alliaceae and Amaryllidaceae, e.g., Cardiocrinum, Lilium, Fritillaria, Erythronium, Amana, Gagea, Lloydia, Scilla (Liliaceae) , Allium and Nothoscordum (Alliaceae), and Lycoris (Amaryllidaceae) (Ohwi, 1965; Kitamura et al., 1967) .
In our series of studies on the bulbous monocots, particular emphasis was placed on the Liliaceae sensu stricto, and the patterns and modes of differentiations in life history traits and life history strategies of several temperate elements have been critically investigated (Kawano, 1985; Kawano et al., 1987) . Subsequently, molecular systematic analyses have been conducted for several liliaceous genera, including bulbous groups, such as Lilium and Cardiocrinum (Hayashi and Kawano, 2000) .
In the present paper, we report the differentiation patterns and phylogeny of some selected bulbous groups of Liliaceae, including Lilium, Nomocharis, Notholirion, and Cardiocrinum based on the molecular data as well as life history features, and furtherconstituted a clade, with a bootstrap value of 100%; (4) six species, Nomocharis salunensis, L. philadelphicum, L. rubellum, L. duchartrei, L. fargesii and L. mackliniae were independent lineages. All these species are distributed from the Japanese Islands to Burma, southwestern China and the Himalayan regions (Sino-Japanese element, Kitamura et al., 1967) , except for L. philadelphicum (including var. andenum) , which occurs in western to eastern North America (Feldmaier and McRae, 1982; Fernald, 1950) . Clade II. The second clade constitutes a large single clade with a bootstrap value of 100%, with three distinct subclades and eight independent lineages: (1) the first subclade consists of a pair of species, L. callosum and L. concolor, with a bootstrap value of 100% (a typical Manchuria-Korean element, Kitamura et al., 1967) ; (2) the second subclade is comprised of three Mediterranean species, L. candidum, L. pyrenaicum and L. pomponium, with a bootstrap value of 100%; (3) the third subclade consists of a pair of species, L. medeoloides and L. martagon, with a bootstrap value of 100%.
All the remaining eight taxa, L. maculatum ssp. dauricum and ssp. maculatum, L. hansonii, L. lancifolium, L. leichtlinii var. maximowiczii, L. pumilum, L. tsingtauense, L. bulbiferum and L. cernuum, were parallel, forming independent lineages without branches. These species are a typical cool-temperate Asiatic element, except for L. bulbiferum, which is a central European species. Clade III. The third clade with a bootstrap value of 100% includes six species which are all North American: L. canadense, L. michganense, L. superbum, L. pardalinum, L. washingtonianum, and L. columbianum (Fig. 2) . All species in this clade are found in North America; three species, L. canadense, L. michiganense, and L. superbum are eastern species, while L. pardalinum, L. washingtonianum, and L. columbianum are typical west coast species in their distribution (Feldmaier and McRae, 1982) . 3. Insertion-deletion Events in the matK Gene of Lilium and Allied Genera. No indels have been found in the rbcL gene of all higher plants so far examined, but in the case of the matK gene indels have been recorded from various higher plant taxa (Johnson and Soltis, 1995) . In reference to the sequences of the matK gene of tobacco (Nicotiana tabacum) (Sugita et al., 1985) , indels were examined in Lilium and allied genera, and also in taxa used as outgroups.
In this study, 19 indels (insertion/deletion events) ( In Fig. 3 , the amino acid topology (50% majority rule consensus tree) based upon translation of the matK gene base sequence data is presented. Basically, three major Lilium clades in the tree constructed based on amino acid data were identical with that obtained by the base sequence data (Fig. 2) . However, Fritillaria was an ingroup taxon of Lilium. Closely related genera, such as Cardiocrinum, Notholirion, and Nomocharis occupy almost the same phylogenetic positions in the amino acid tree as in the base sequence tree (Fig. 2) .
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The numbers of synonymous and non-synonymous base substitutions and codon usage in the taxa examined in the present analyses are important, but since the numbers of base substitutions at the first and second codons were not very high, striking differences were not visible in the amino acid tree for Lilium and related taxa, in sharp contrast to what we have obtained in the Trilliaceae .
Phylogenetic Position of Liliaceae sensu stricto -A Synthesis Based upon Molecular Systematic Analyses
The results of recent molecular systematic analyses on the Liliaceae sensu stricto (sensu Takhtajan, 1997), using two molecular markers, rbcL and matK gene of chloroplast DNA (Hayashi and Kawano, 2000) as well as the ITS regions of ribosomal DNA (Nishikawa et al., 1999) have provided new evidence on the intergeneric as well as interspecific phylogenetic relationships of the group as a whole.
The topologies obtained for the rbcL and matK genes of cpDNA obtained in this study were more or less identical and congruent with the taxonomic concept of Liliaceae sensu stricto recently proposed by Tamura (1998) , i.e., Liliaceae sensu stricto is composed of three major subgroups, the first subgroup consisting of Erythronium, Amana, Tulipa and Gagea, the second consisting of Lilium, Nomocharis, Fritillaria, Cardiocrinum and Notholirion, and the third somewhat distantly related to the former two, Medeola and Clintonia (Hayashi and Kawano, 2000) .
Phylogenetic Relationships among Lilium Species Revealed by rbcL and matK Gene Sequence Data
Based on the molecular analyses of the rbcL and matK genes, taxonomic schemes for the genus Lilium and allied genera were re-evaluated. However, the rbcL gene has evolved very slowly, and thus its phylogenetic resolution is very limited (Hayashi and Kawano, 2000) ; whereas the matK gene shows much higher sequence variation and divergence rates, including an unexpectedly high number of indels, "insertion/deletion" events, as shown in Table 2 . The phylogenetic tree obtained by the matK gene sequence data showed that Lilium consists of three distinct "major" clades ( Fig. 2 and 3) . 1) Clade I of the matK gene consisted of a group mainly ranging in the Sino-Japanese floristic region (Sections Archaelilion and Sinomartagon), and one species in eastern North America (Section Pseudolilium), and also including two Nomocharis species.
According to a molecular phylogenetic analysis of the genus Lilium based upon the ITS region of nuclear ribosomal DNA by Nishikawa et al. (1999) (Hayashi and Kawano, 2000) .
Most of the species constituting Clade II of matK gene are a widespread Eurasian group, extending widely from Japan to Manchuria and eastern Siberia via the Korean Peninsula and further southward to the Ryukyu Islands, Taiwan, and possibly the Philippines, and belonging to five different Sections Liriotypus, Martagon, Leucolirion, Sinomartagon, and Daurolirion and thus rather heterogenous. Among them, only L. martagon extends widely over northern Europe, while several species, such as L. candidum, L. pyrenaicum, L. pomponium, and L. bulbiferum are more localized in the Mediterranean region (Feldmaier and McRae, 1982) .
2) Clade II of the matK gene includes very heterogeneous groups belonging to "one large but major clade" constructed based on the ITS sequences by Nishikawa et al. (1999) 3) Clade III of the matK gene consisted of only a North American group including the majority of Section Pseudolilium, except for L. philadelphicum which belongs to Clade I (Fig. 2) . Once again, however, Clade III of matK gene corresponds to Group III based upon the ITS sequences (Nishikawa et al., 1999) . The phylogenetic position of L. philadelphicum determined by the matK gene of cpDNA, however, is puzzling, and needs to be re-examined in the future study.
Although Nishikawa et al. (1999) did not examine the phylogenetic position of Fritillaria and Notholirion in their ITS analysis, Cardiocrinum proved to be a sister to the genus Lilium, similar to the finding on matK gene analysis. As shown in Fig. 2 , another notable finding is that Fritillaria turned out to be a sister group of the major Nomocharis-Lilium clade diverging at the basal position of the matK tree with a 100% bootstrap value. Cardiocrinum and Notholirion were shown to be sisters to the remaining major clade (Fig. 2) , although Cardiocrinum has been often included in Lilium (Comber, 1949; Ohwi, 1965) .
The phylogenetic relationships obtained by the present molecular analyses based upon the matK gene sequences were, however, very controversial in relation to earlier taxonomic treatments, especially at the sectional levels (Comber, 1949; Liang, 1980 ; for others see Table 1 ). Infrageneric groupings are not congruent with the molecular phylogenetic trees reconstructed in the present study ( Fig. 2) , and also in the ITS sequences of 55 Lilium species analyzed by Nishikawa et al. (1999) .
Major discrepancies are as follows: (i) According to the matK data (Hayashi and Kawano, 2000) , Section Pseudolirium, a North American group, was split into two distantly related clades (Fig. 2) . The phylogenetic position of L. philadelphicum is, however, very puzzling, as pointed out earlier, and needs to be re-examined. This species belonged to one of the subclades of Clade I, but all six of the remaining species examined belonged to Clade III (Fig. 2) . In the present study, we have also examined the matK sequences of a narrow-leaved variety of L. philadelphicum, var. andenum (Nutt.) Ker (or L. umbellatum Pursh) (Fernald, 1950) , but both proved to have the same matK gene sequences. It should also be noted here that only L. philadelphicum has no crossability with any other North American Lilium taxa (Lighty, 1968) . In this study, we included L. mackliniae for molecular analyses and showed that it belongs to Clade I based on the matK gene tree (Fig. 2) , although its sectional delimitation has not yet been made. The C-band patterns of somatic chromosomes of L. mackliniae were examined by Smyth et al. (1989) , who have included it tentatively in Sinomartagon, suggesting that this species should be placed in a new separate Section.
(ii) Two sections, Section Leucolirion (including L. longiflorum and L. formosanum) and Section Liriotypus (including a pair of species, L. candidum and L. pomponium) are situated in two subclades of Clade II.
(iii) Section Martagon was split into two, belonging to two subclades (Fig. 2) . Four species, L. hansonii, L. tsingtauense, L. medeoloides, and L. martagon, constituted parts of different subclades of Clade II, whereas two species, L. sargenteae and L. regale, constituted part of the subclades of Clade I.
(iv) Section Sinomartagon was split into four distantly related clades: one large
concolor, and L. pumillum, which constitute part of a distinct subclade of Clade II, and six species, L. bakerianum, L. henryi, L. nanum, L. rosthronii, and L. duchartrei, all of which are scattered in four different subclades of Clade I. This fact indicates that Section Sinomartagon is comprised of exceedingly heterogeneous groups. Indeed, based on the C-band patterns of chromosomes, Smyth et al. (1989) suggested that L. henryi (previously classed in sect. Shinomartagon) should be included in Section Leucolirion, together with L. regale (Fig. 2) .
(v) Two subspecies belonging to Section Daurolirion, L. maculatum ssp. maculatum and ssp. dauricum belong to part of the subclade of Clade II. We believe, however, that these subspecies represent independent species, judging from their very distinct morphological as well as life history characters and different geographical ranges (Hara, 1963; Hayashi and Kawano, unpubl. and in preparation) .
(vi) Two Nomocharis species belonged to two separate subclades of Clade I, forming a pair with Lilium bakerianum, respectively (Fig. 2) . The generic status of Nomocharis needs to be re-evaluated.
The amino acid topology obtained in the present study simply supported the phylogenetic relationships obtained by the matK and rbcL base sequence data (Fig. 3) . The level of resolution was slightly lower than that on analyses using the matK gene base sequence data, but higher than those by the rbcL gene. Since the genus Lilium is comprised of ca. 100 species and since Nomocharis was demonstrated to be very closely related to Lilium, and may be an ingroup taxon, more detailed phylogenetic analyses are needed based on both base sequence data of cpDNA genes and ribosomal DNA, as well as translated amino acid compositions (Miyata, 1998; .
Implications of Comparative Morphology and Life History Studies
Implications of comparative approaches in any biological studies are to traced back the past evolutionary backgrounds of plant groups in study, and to look into the mechanisms of differentiations in morphological and life history characters of the plants in question, since any morphological as well as life history features of a species or a group of closely related species reflect past histories of evolutionary changes.
In comparative life history studies, we focus on the following points (Kawano, 1985) : 1) Longevity of life spans, perennation strategies (annual, biennial, pseudo-annual, perennial [monocarpy, polycarpy], etc.), and age at first reproduction; 2) Sexuality and breeding systems (polygamy and dichogamy); 3) Pollination mechanisms (wind, water, insects, birds, etc.) and ranges of pollen dispersion or matings; 4) Propagule dispersal (agents and ranges); 5) Types of propagule production (sexual [genet] and asexual [ramet]), and size of propagule outputs; 6) Length of seed dormancy and sizes of soil seed pools; 7) Mortality factors and rates; and 8) Survivorships.
For the genus Lilium, however, we have not yet assembled all the information on the life history traits of known taxa, and further attempts are being made at present.
We have made a character scoring for eight morphological characters of diagnostic value, as follows: (a) germination type: hypogeal (0), epigeal (1); (b) germination pattern: immediate (0), delayed (1); (c) seed weight: heavy (0), light (1); (d) bulb: concentric (normal form) (0), stoloniferous (1), concentric with stoloniferous stem (2), rhizomatous with large scales (3), sub-rhizomatous with small scales (4); (e) joint scales: present (0), absent (1); (f) phyllotaxis: scattered (0), whorled (1); (g) petiole: present (0), absent (1); (h) perianth segment: papillose (0), smooth (1).
Based on these data, morphological characters were parsimoniously mapped onto a 50% majority-rule consensus tree of the matK gene sequence of 39 Lilium taxa (Hayashi and Kawano, 2000) . Part of the results is illustrated in Fig. 4 as examples. In all morphological characters examined, remarkable convergent differentiations can be recognized, and thus, we could not recognize any conspicuous homologies in any of the characters examined in this study.
Root System Characters of Liliaceae, a Key Character Reflecting Adaptive
Strategies in Habitat Environments. Here, we focus more critically on the diversity of underground storage organs, i.e., bulb morphology of the genus Lilium (Fig. 5A-E) .
In terms of bulb characters of Subfamily Lilioideae, i.e., Tulipa, Gagea, Lloydia, and Erythronium, only Erythronium does not have a bulb coat among these four genera, whereas in tribe Lilieae, only Notholirion has a bulb coat. The majority of the members of tribe Lilieae are distributed in the mesic temperate zone, ranging from open grasslands to the forest floor. Although both Lilium and Fritillaria do not have a bulb coat, some Fritillaria species are adapted to arid environments, and occur in dry grasslands and arid habitats.
The habitats of Medeola and Clintonia, both members of the subfamily Medeoloideae, primarily extends on the forest floor. However, those of the subfamily Lilioideae spread in exceedingly diverse habitats, ranging from the dark shady woodland floor to forest margin, grasslands, gravelly barrens, rocky cliffs, and alpine meadows. In terms of the character states of underground storage organs, sub-rhizomatous or stoloniferous, bulb scales being attached to somewhat elongated rhizome-like structures, seem to represent a primitive state typical in Lilium species which occur on the temperate woodland floor of North America, e.g., Lilium pardalinum, L. columbianum, L. washingtonianum, and L. superbum (Fig. 5C-E) . Their habitats primarily extend from the forest understory developed during the post-glacial period to southern unglaciated warm-temperate forests. Typical round bulbs with fewer thick scales similar to those found in L. lancifolium, L. philadelphicum, or L. catesbaei, are also common among the members of temperate to warm-temperate forest floor (Fig. 5B ). There are some other types of bulbs differentiated in Lilium, e.g., round bulbs with numerous jointed scales or those with narrow, slender scales (Fig. 5A ).
Comparison of Molecular Data with Morphological and Life History Characters.
In the present study, trends of divergence in several morphological and life history traits of Lilium were critically examined (exemplified in Fig. 4 ). In his classical paper of Lilium taxonomy, Comber (1949) selected the following traits as having diagnostic value for sectional definitions: (1) types of seed germination (hypogeal or epigeal; immediate or delayed); (2) seed size (heavy or light); (3) bulb characters (scales jointed or entire; erect, sub-rhizomatous, rhizomatous or stoloniferous; white or purple in color); (4) stem characters (erect or stoloniform; one or sometimes two per bulb; stem root present or absent); (5) phyllotaxis (whorled or scattered); (6) petiole (obvious, obscure or absent); (7) floral shape (turk's cap or trumpet); (8) perianth segments (papillose or smooth); (9) stigma (large or small); and (10) nectary (pubescent or glabrous).
In the present study, we have chosen these eight traits for character scoring, as described above. The character states of eight traits were overlaid on the molecular tree reconstructed based on the matK gene (Fig. 4) .
It is interesting to note that most of the characters chosen by Comber (1949) , except the bulb characters, exhibit remarkably convergent differentiations. Bulb characters are assumed to have differentiated between members of section Pseudolirion and the remaining taxa of all six other sections (Stout, 1928; Comber, 1949) . All North American taxa of section Pseudolirion possess stoloniferous or rhizomatous bulbs, except for L. philadelphicum and L. catesbaei which have almost erect concentric bulbs that are characteristic of all taxa in the Eurasian sections (Woodcock and Stearn, 1950; Fox, 1985) . It should be noted here that L. philadelphicum has no or extremely low crossability with any of the other North American taxa (Lighty, 1960) .
The patterns of divergence found in most of the other characters, e.g., types of germination (Fig. 4B) , which have been used for the taxonomic delimitation of infra-generic groups are at present inexplicable simply in terms of phylogenetic implications and/or of any specific environmental constraint (Stout, 1924; Barton, 1936; Baranova, 1974) . For example, very closely related taxa, L. maculatum ssp. maculatum and ssp. dauricum of section Daurolirion (Clade II in Fig. 4) show different germination types, the former being epigeal, whereas the latter hypogeal (Fig. 4A) (Hayashi, 1990) . Baranova (1987) , however, reported intermediate germination types from Caucasian lily species, L. szovitsianum, L. polyphyllum, and so on. Therefore, this specific character does not seem to directly reflect the phylogenetic constraint, although Comber (1949) and Lighty (1968) have regarded this character to be of diagnostic value for sectional delimitation. Somewhat divergent trends can also be seen in the seed germination pattern, immediate or delayed (Comber, 1949) . It should be noted here that Comber (1949) regarded hypogeal and delayed germination (Fig. 4A-B) , whorled leaves, jointed bulb scales, and large heavy seeds as primitive characters in Lilium. However, the seed germination types in Cardiocrinum (a typical woodland element), Nomocharis (a meadow or woodland element) and Fritillaria (dry meadow, alpine-arctic meadow and woodland elements) are all epigeal (Hayashi, unpubl. obs.) . Furthermore, Cardiocrinum and Notholirion are both monocarpic perennials (Kawano, 1985; Hayashi, unpubl. obs.) , which are without doubt a derived life history character. This fact suggests that contemporary Cardiocinum and Notholirion are not the ancestral members of the Liliaceae sensu stricto ( Fig. 1 and 2) .
When all of the character states found in Lilium and allied genera, such as Fritillaria, Cardiocrinum, and Notholirion, are considered, most of the key traits used by Comber (1949) are no doubt homoplacious, and obviously reflect environmental constraints acting on patterns of differentiation. We should recall again that all character states found in contemporary species are the consequences of interactions between phylogenetic and environmental constraints. Floral characters have traditionally been emphasized as of key diagnostic value in most of the earlier taxonomic studies of the genus Lilium (Table 1) . Indeed, in Lilium, sectional delimitation by Wilson (1925) was based on the flower shape and directional orientation of flowering (Table 1) , i.e., the "trumpet type" represented by species of section Leucolirion (e.g., L. longiflorum), the "turk's-cap" type, nodding in bloom, represented by those of section Martagon (e.g., L. martagon) (Adams and Dress, 1982) , the "bowl-shaped", blooming horizontally wide-open, represented by those of section Archelirion (e.g., L. auratum), and the "wide-open cup-shaped" type, upright blooming, represented by those of section Pseudolirilum (e.g., L. philadelphicum and L. maculatum) (Comber, 1949; Woodcock and Stearns, 1950; Adams and Dress, 1982) . There is a high possibility of concerted evolution between floral types, timing of blooming, pigmentation, and floral odors and the kinds of pollinating agents, their body size, proboscis type and size, and their flower-visiting behaviors (Barth, 1940; Grant and Grant, 1968; Proctor and Yeo, 1973) .
Numerous recent findings on intricate flower-pollinator networks suggest that differentiation of floral structures and functions in plants are tightly concerted with those of pollinators (primarily insects) (Thien et al., 1998; Raguso and Pichersky, 1999; Knudsen, 1999; Gottsberger, 1999) . The possibility is high, therefore, that Lilium flowers have differentiated convergently in relation to pollinator specificity as a consequence of adaptive radiation (Wilson, 1925; Comber, 1949; Kawano and Hayashi, unpubl.) .
CONCLUSIONS
The results of molecular systematic analyses of the Liliaceae (Hayashi and Kawano, 2000; Nishikawa et al., 1999) have provided some new evidence concerning the systematic positions of genera and also infra-generic delimitations within Lilium. First, it has long been believed that Fritillaria was only remotely related to Lilium among the four other genera of the Liliaceae, but the present result clearly showed that Fritillaria no doubt represents the closest relative to Lilium, whereas Notholirion and Cardiocrinum are sister groups to Fritillaria and Lilium, and most distantly related to Lilium.
It should be also noted here that Cardiocrinum has often been regarded as a member of the genus Lilium (Comber, 1949; Ohwi, 1965) , but it no doubt represents an independent group, perhaps representing one of the most primitive members of the Liliaceae. Two Nomocharis species, N. saluensis and N. pardanthina, proved to be the in-group taxa of Lilium.
All previous infra-generic delimitations of Lilium by Comber (1949) and Liang (1980) (Table 1 ) turned out to be controversial, suggesting the need for future revision. The results of the molecular, morphological and life history character analyses suggest the need of further thorough studies, especially as concerns infra-generic (especially sectional) delimitation of the genus Lilium. In the present study, we have studied only 49 taxa of Lilium and allied groups among ca. 400 taxa in a narrowly defined Liliaceae, and thus further and more thorough studies are now needed to cover the remaining groups and to elucidate the entire picture of the evolutionary-phylogenetic story of the Liliaceae sensu stricto. Tables   Table 1. The genus Lilium and allied genera, and changes in classification systems. Ascherson & Graebner, 1905 Wilson, 1925 Comber, 1949 Liang, 1980 
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Figures Fig. 1 . The 50% majority-rule consensus tree obtained from the phylogenetic analysis of matK gene sequences for 17 taxa of Liliaceae and Trillium as an outgroup. Percentages above branches are bootstrap values (x 1000 replications). The length of the shortest tree (L) was 642 steps; a consistency index (CI) of 0.824, a homoplasy index (HI) of 0.176, and a retention index (RI) of 0.827. Fig. 2 . The 50% majority-rule consensus tree obtained from the phylogenetic analysis of matK gene sequences for 49 taxa of Liliaceae sensu stricto, using Medeola and Erythronium as outgroups (x 1000 replications). Percentages above branches are bootstrap values. The length of the shortest tree (L) was 338, a consistency index (CI) of 0.805, a retention index (RI) of 0.813, and a homoplasy index of 0.195. Cf. Although L. longiflorum was omitted from the dendrogram due to some undetermined parts included in the base sequence data, this species no doubt forms a pair with L. formosanum, as shown in the topology for rbcL gene of cpDNA (Hayashi and Kawano, 2000) . 
